Abstract. Analysis of the transcriptome using DNA microarrays has become a standard approach for investigation of the molecular basis of human disease in both clinical and experimental settings. However, drawing conclusions from the wealth of data obtained has remained problematic. There have been difficulties with accurate reporting of results, with experimental reproducibility and with identifying and interpreting the biologically relevant information. In this review we discuss the successful use of DNA microarray technology in molecular medical research, and we highlight methods of addressing the issues of both reproducibility and biological interpretation.
Introduction
The sequencing of the human genome inspired the scientific community to investigate the functions of the newly sequenced, and in many cases newly discovered, genes. A number of methods were employed, including DNA microarrays for analysis of messenger RNA (mRNA) expression. This technique, while stopping short of allowing functions to be assigned to individual genes, promised to provide a powerful method of simultaneously assessing gene activity for huge sets of genes in multiple samples, thereby allowing conclusions about the functions and importance of particular genes and pathways in various cellular and physiological situations. The purpose of this review is to assess to what extent this promise has been met and in which scientific fields.
mRNA expression profiling. While the genome is broadly common to all the cells in an organism and is generally static over its lifetime, the transcriptome is highly dynamic and changes in response to external stimuli and in disease. Analysis of the transcriptome has been seen as critical in understanding cell behaviour. Messenger RNA expression profiling is the term given to analysis of the transcriptome by simultaneous quantification of the levels of mRNAs expressed from large numbers of genes. These profiles potentially contain information concerning the total transcriptional output of the cell, the principal determinant of protein levels and therefore of cellular phenotype (1) . The size and complexity of this information far outstrips that which was previously achievable using traditional techniques such as Northern blot analysis or quantitative reverse transcriptase-PCR. It should be noted that mRNAs are, of course, only an intermediate in the synthesis of proteins from the information encoded in DNA, but in most cases it is reasonable to assume that mRNA levels are representative of protein levels (see section 4).
Development of array technology. The introduction of DNA microarray technology in 1995 (2) was made possible by a number of key concepts. In 1975, Edwin Southern, now Professor of Biochemistry (Oxford University, UK), proposed that hybridisation between complementary strands of nucleic acids, one labelled to allow detection, and the other immobilised on a matrix, could be used to interrogate genetic material (3) . This principle allowed the development of the Southern blot, in which a mixed pool of DNA sequences is immobilised on a membrane, and target sequences within the pool are semi-quantitatively detected using radioactively labelled DNA probes. The Southern blot can now be viewed as the first DNA array (4) . Similarly, a variant technique, the Northern blot, was developed in which RNA expression from individual genes is analysed within total cellular RNA using gene-specific radioactive probes. The essential conceptual advance allowing array-based analysis is a switch in which the nucleic acid strand is immobilised and which is labelled for detection; for DNA microarray analysis, the probes are immobilised on the matrix and total cellular RNA is labelled. In this way, multiple probes can be localised to different areas of the matrix, and expression of multiple targets within the total pool of RNA can be examined simultaneously. Technological improvements have also been essential for the production of convenient and reproducible microarrays. These include the use of a nonporous solid support, usually glass, enabling array miniaturisation, the development of fluorescence-based detection (5) , and the introduction of high-speed spatial synthesis of oligonucleotides, allowing simultaneous synthesis of many thousands of probes in situ on arrays (6, 7) . A number of types of microarrays are in common use, which differ in their methods of manufacture and/or the probes used. Probes include either single-stranded oilgonucleotides or cDNAs, and these can be spotted or even printed onto the microarray, or, in the case of oligonucleotides, can be synthesised in situ. This evolution has now presented us with DNA microarrays that purportedly allow measurement of the expression of all human genes in a single analysis (8).
Applications of DNA microarrays
Profiling of mRNA expression using DNA microarrays has had considerable impact on biological research; this is due, in part, to the diverse range of research areas to which the technique can be applied (9) . Below we describe illustrative examples of their use in three key areas.
Expression profiling of disease. The potential for highthroughput mRNA profiling to provide novel insights into the pathogenesis of human disease was quickly recognised. Insights gained have allowed improvements in diagnosis, greater understanding of the fundamental biology of diseases, and may allow improved targeting of treatments. Messenger RNA expression profiling has been successfully used for identification of subsets of tumours that are otherwise indistinguishable (10, 11) . For example, gene expression profiling has been used to devise a gene expression signature that allows accurate diagnosis of mediastinal B-cell lymphomas (PMBL) from within the general group of nonHodgkin's lymphoma diffuse large B-cell lymphomas (DLBCL) (12, 13) . Clinical and morphological features alone are inadequate to provide precise diagnosis of PMBL. Numerous other studies have utilised DNA microarrays for molecular profiling of tumours with the aim of stratifying the severity of the diseases, or assigning individual cases into disease subtypes (14) (15) (16) . In a successful example, transcript profiles of primary breast tumours were used as prognostic reporters that outperformed the standard clinical assessment of prognosis which uses pathological parameters (17) . Similarly, profiles were devised that allowed prediction of the patients most likely to benefit from adjuvant therapy (17, 18) . Collectively, these studies provide evidence that the use of DNA microarrays can lead to improvements in our understanding of disease and in patient care. However, the relatively high costs associated with these procedures and doubts about the reproducibility of the technology (see section 3), have limited uptake of these new clinical tools.
Delineating molecular pathways. Experimentation using DNA microarrays requires no hypothesis about which genes might be of interest since expression from very large sets of genes can be examined in an unbiased manner. This means that the technology can be used to identify unexpected transcriptional targets downstream of any stage in a molecular pathway, if that stage can either be specifically activated or repressed experimentally. Practical experimental strategies include overexpressing or 'knocking down' particular proteins of interest, or using inhibitors or agonists of their function. Changes in transcription profiles can then be determined. A frequent constraint on this approach is the inability to discriminate between changes that are directly downstream of that stage in the pathway, for example direct targets of a transcription factor of interest, from changes associated with a signalling cascade involving many stages. Despite this, the strategy has been used in many hundreds of studies. An example is the investigation of the downstream effects of human hormones; a large and diverse range of genes were found to be thyroid hormone responsive and unexpectedly a large proportion were negatively regulated (19) . In this way, thyroid hormone was shown to have an influence on many novel cellular functions (20) . A further example is the study of targets of the transcription factor p53. p53 was known to have a critical role in the DNA damage response, but identification of the genes involved has allowed increased understanding of why the gene is so frequently mutated in cancer (21, 22) .
Toxicogenomics. The ability to measure genome-wide changes in gene expression upon exposure to various chemicals has led to the development of a new fieldtoxicogenomics. DNA microarrays can provide insights into the mechanisms of action of toxicants, and have allowed researchers to generate 'gene signatures' indicative of the changes induced by exposure (23) (24) (25) (26) . It is hoped that such signatures could be used to detect chemical exposure before clinical evidence develops, allowing both early clinical treatment if required, and immediate improvements to handling of the agents. The primary aim of the National Centre of Toxicogenomics (NCT) is to develop and populate an international reference database of gene expression data that would facilitate a knowledge base of chemical effects in biological systems (27) . The NCT conducted a series of proof-of-principle experiments in which chemical-specific patterns of altered gene expression were identified across and within compound classes (23) . Many studies have utilised DNA microarray technology when looking for insights into mechanisms of toxicity. An example is a study of the effects of various toxic metals on a particular epithelial cell line (28) . Of the 1,200 genes examined, exposure to each different metal modified the expression of a largely unique subset of genes. In addition, different dose-dependent effects were seen on treatment with either low (noncytotoxic) or high (cytotoxic) concentrations of arsenic. Low concentrations modified the expression of genes for a diverse range of protein classes such as transcription factors, inflammatory cytokines, kinases and DNA repair proteins. Exposure to high concentrations did not simply amplify these changes but resulted in a very different expression profile, including induction of stress-response genes. Since the affected subsets of genes were almost completely non-overlapping, it was suggested that a threshold dose exists, above which the survival-based biological response induced by low doses shifts to the apoptotic response. These results support the development of metal-specific biomarkers of exposure and response, and demonstrate the feasibility of using expression profiling for investigation of 'safe' exposure levels.
Variability in results
It has become evident that the analysis and interpretation of the high volume of data that are produced from microarray experiments is more complicated than was originally anticipated (29) . In addition, uncertainties associated with validity and reliability of results have been highlighted by comparisons between different methodologies; conclusions need to be drawn with caution (30) . Studies have found inconsistencies between data from different experimental platforms based on the use of in situ synthesised short oligonucleotides, longer oligonucleotides, spotted oligonucleotides or spotted cDNAs (31, 32) . More surprisingly, inconsistencies between results from laboratories using the same experimental platform have been found (33) . Even a single dataset generated on one platform can be interpreted differently using alternative methods of data handling and analysis leading to different conclusions (34) . There are many potential explanations for discrepancies, including differences in types and composition of probes, deposition techniques and labelling and hybridisation protocols (35) . However, it remains uncertain which methodologies at each stage are most likely to allow detection of expression levels that are consistently representative of actual expression. Therefore, it continues to be essential to validate conclusions regarding individual genes using other technologies such as Northern blot analysis, quantitative reverse transcriptase-PCR or Western blot analysis (36) .
Experimental design. The critical component of any DNA microarray experiment is the quality of the input material. Samples of cells or tissue must be treated in as reproducible a manner as possible to avoid introduction of artefactual changes in gene expression in some samples. There are a number of other important considerations concerning the input material. For example, it is often the case that samples may include heterogeneous gene expression patterns in different cell subpopulations; this is particularly true of tissue biopsies (37) . The sensitivity of microarrays means that inclusion of small proportions of these subpopulations can create misleading results. This problem may be improved by advances in technology available for micro-dissection such as laser capture (38) . Related to this is the use of very small samples. A technical challenge in this instance is obtaining sufficient RNA for microarray analysis. Various techniques can be used for mRNA amplification (39) , although an understanding of their potential to introduce bias is important for the interpretation of results (36, 40) .
Standardisation of data.
One issue that has contributed to the apparent variability in microarray data is the difficulty in critically appraising methods and full data sets of published experiments. However, integration of microarray results into public reference databases in order to allow this appraisal presents a serious logistical challenge, particularly given that account must be taken of the differences between experimental platforms. Several organisations have engaged in standardisation to facilitate data sharing by developing compatible data formats, reporting standards and defining nomenclature (41). The Minimum Information About Microarray Experiments (MIAME) guidelines describes the reporting standards required when recording gene expression data to ensure an experiment's easy interpretation and potential to be independently verified (42) . Public databases to store results from DNA microarray experiments have been developed which conform to these standards (43) . It is important to recognise that while these initiatives are valuable steps forward, they only focus on reporting standards and do not address the issue of variability of the technology and how it is used.
Inferential literacy. It has been argued that to generate reproducible and valid results using microarray technology, biologists must develop improved algorithmic skills. The concept of 'inferential literacy' argues further that, in addition to algorithmic literacy, a comprehensive understanding of the nature of high throughput data, experimental design and statistical analysis is necessary for optimising progress in research using DNA microarrays (44) . Realistically, it is not likely that research biologists will readily gain the required insights hence progress is likely to require improved bioinformatics and statistics support at the experimental design and interpretation stages.
Additional regulatory mechanisms in gene expression
The limitations of DNA microarray analysis discussed so far create challenges that require creative advances both in the technology and its application. However, a more fundamental criticism of the methodology concerns the relevance of mRNA expression levels in establishing the actual functional levels of proteins. The transcription of genomic DNA to mRNA is only one of many stages involved in the biosynthesis of functional proteins. Alternative splicing, translational control, post-translational modification and the sub-cellular localisation of proteins are all additional potential regulatory stages that can control the production of functional proteins (45) ; it is clear that mRNA levels may not necessarily correlate with protein activity. This may not be a concern for some applications; for example, whether mRNA abundances within a diagnostic mRNA signature accurately represent corresponding protein activities is not relevant as the diagnostic utility of the signature is the only important factor. However, in most research-orientated applications the aim is to identify changes in mRNA profiles that are functional in that they impact on protein expression as expected.
Alternative splicing. Recent studies have indicated that transcripts from 40-60% of human genes are alternatively spliced (46) (47) (48) , and that 70-88% of these alternative splices impact on protein function (46, 49, 50) . This suggests that splicing plays a major role in production of protein diversity and regulation of protein activity. There is increasing interest in the deregulation of splicing accuracy and the role this plays in disease. It has been estimated that 15% of all point mutations in human genetic diseases cause defects in mRNA splicing (51) ; an example being mutations within the tumour suppressor gene BRAC1 contributing to the development of cancer (52) . Microarray technology has now evolved to allow investigation of alternative splicing and its functional importance; recent advances in array miniaturisation and in the bioinformatics of exon identification have allowed development of arrays for analysis of the expression of each individual exon (53) .
Translation control. Up to 50% of human mRNAs may contain motifs capable of allowing regulation of their translation (54) . It is not thought that all these genes are regulated at the level of translation at any one time, nevertheless the regulation is likely to have an important role in human physiology and pathology; for example approximately 20% of the genes regulated upon T-cell activation are affected by translation control (55) . Consequently, some studies have found mRNA abundance to be a poor indicator of the levels of corresponding protein (56, 57) . Gene-specific translational regulation involves interactions between sequences within the mRNAs, usually located in the untranslated regions, and the cellular translational machinery, specific RNA-binding proteins or specific microRNAs (54) . MicroRNAs have themselves been the subject of many recent studies (58-61) since their influence on translation may be widespread, and it is interesting to note that their expression can be particularly difficult to quantify using DNA microarrays on account of their small size and complex secondary structures (62), although some microarray approaches are now available. The translational efficiency of mRNAs is likely to relate to actual protein expression more closely than the level of these mRNAs (63) . A translation profiling technique has been developed in which polysome-bound mRNAs, those that are translationally active, are analysed on DNA microarrays; this may effectively integrate all levels of regulation from transcription to translation, thereby combining the potential of genomics with the physiological relevance of proteomics (64) .
Post-translational mechanisms. An accurate description of the determinants of the cell phenotype would be an exhaustive quantitative and functional analysis of the proteome (65) . Post-translational modifications, sub-cellular localisation, protein degradation rates and protein-protein interactions can all modify the functional levels of proteins (66, 67) . Much of this subtlety can only be observed with proteomic analysis (1). However, proteomic techniques are generally less sensitive and are much less suitable for high throughput experiments (68) , where possible mRNA and protein analyses should be seen as complementary (69).
Conclusions
The original excitement surrounding DNA microarrays has given way to a feeling in the scientific community that expectations have exceeded reality. There have been difficulties encountered in applying the technology, in achieving reproducible results and in the management of high throughput data. In addition, studies suggest that mRNA levels may reflect protein levels less frequently than had been previously recognised. However, in many cases these difficulties have been addressed. Therefore, analysis of the transcriptome using DNA microarrays may well yet fulfil its potential in a diverse range of applications.
